This paper is focused on waveband analysis of lateral and vertical track irregularities from on-board acceleration measurement of in-service high-speed trains. The track irregularities play important roles to determine dynamic stability of vehicles and ride quality of passengers, so that their amplitude and wavelength should be monitored continuously and carefully. Measuring acceleration at the axle-box or the bogie of the trains has been under consideration for low implementation cost and robust to a harsh environment. To estimate track irregularities, lateral and vertical vibration caused by the wheel/track interaction is measured by the axle-box and bogie mounted accelerometers of an in-service high-speed train. A Kalman filter is used to prevent unrealistic drifts in the estimation. Applying the band-pass and compensation filters to the estimated displacement, it is possible to estimate the track irregularities. A distance-wavelength representation is used to identify wavebands of the irregularities in an intuitive way. It is verified by comparing with a commercial track geometry measurement system. From the comparison, it confirms that the representation can produce a satisfactory result.
Introduction
Track irregularities are the main source of the railway vehicles' vibration, which affects their stability and ride quality. Monitoring them periodically is necessary to prevent from derailment or poor ride quality. They are usually monitored in displacement by a track geometry measurement system using contact probes or laser beam with CCD camera during maintenance work (1) , (2) . However, the system is very expensive and sensitive to a harsh railway environment. Several methods using in-service trains with accelerometers have been proposed as a countermeasure for these problems (3)- (8) .
Theoretically, displacement data can be calculated simply by double integrating acceleration data. However, in reality, the integration has been resulted in unrealistic drifts by the nonzero initial condition or the direct current (DC) offset of the data (9) . Furthermore, even if the displacement is successfully calculated from lateral and vertical acceleration data, it includes the effect cause by not only track irregularities but also relative motion between the wheel and rail, especially for the lateral track irregularity (10) . To resolve those Proceedings of ATEM'11 2 ATEM'11, September 19-21, 2011, Kobe, Japan problems, an estimation method using Kalman, band-pass, and compensation filters have been developed successfully by the authors (11) .
The waveband analysis of them is very important because they are closely related to running stability or ride quality of a train. For high-speed railway, the waveband from 3 to 70 m contributes to running stability and from 70 to 150 (for the lateral direction) or 200 m (for the vertical direction) contributes to ride quality (12) . In the analysis, using the spatial domain is inefficient because the amount of their data is very large. Using Fourier transform of their data also has a problem, because it loses their spatial information. In this research, a distance-wavelength representation is used to analyze both spatial and waveband characteristics of them. The main objective of this research is to find their intuitive monitoring method.
Estimation of track irregularities
The track irregularities can be estimated by using Kalman, band-pass, and compensation filters (11) . Their processing flow is shown in Fig. 1 .
State-space model and Kalman filter
The lateral and vertical displacement is estimated from the corresponding axle-box and bogie mounted accelerometers by using a discrete state-space model and Kalman filter. The state-space model for the estimation is as follows (13) , (14) :
where, 
A Kalman filter algorithm is applied to estimate the displacement from the noisy acceleration by minimizing their mean square error (14) .
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• Recursion relations -Innovation:
-Innovation covariance:
-Kalman prediction gain:
-State estimation:
-State error covariance:
Band-pass and compensation filters
After the Kalman filtering, 3 to 200 m (for the lateral displacement) or 150 m (for the vertical displacement) 3rd-order Butterworth band-pass filters are applied to remove the effect caused by horizontal and vertical curves from the estimated displacement.
After the band-pass filtering, the compensation filtering is applied. It compensates the effect caused by lateral motion of the axle-box or bogie relative to the track, and inherent filter characteristics such as phase delay. Its parameters are estimated by recursive least square adaptive filter with the estimated displacement as input and the track irregularity as output. It is realized by using a finite impulse response (FIR) filter with  adjustable parameters (15) .
In this filter, ℎ() and () are the filter parameter and filtered displacement,   () and   () are the corresponding vectors to them.
The parameters are estimated by minimizing the squared errors between the output of the model () and that of an unknown system () with a weighting factor  in the range 0 ≪  ≤ 1.
-Error:
-Gain vector:
-Correlation matrix update:
-Filter parameter vector:
In the estimation algorithm,   () and   () are initialized by setting   (−1) =  and   (−1) =   , where  is a small positive number (15) .
The number of adjustable parameters for the FIR filter model is set to 40, and they are obtained from the algorithm at the end of iterations.
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Distance-wavelength representation
As the lateral and vertical track irregularities consist of various wavelengths, it is very hard to analyze their wavelength characteristics in the spatial domain. To analyze them in an intuitive way, a distance-wavelength representation is used. It determines the wavelength content of local sections of them, as it changes over distance. For the analysis, their statistics are assumed to be in a slow variation; hence the signal can be regarded as a set of many locally stationary sections.
Each estimated track irregularity, (), is multiplied by a window function, ( − ), which is nonzero for only a short distance, and then the Fourier transform of them is applied as the window is slid along the distance (16) . It is mathematically expressed as follows:
Each window is piled up and results in a two-dimensional representation.
Measurement setup
The lateral and vertical accelerometers were utilized to measure vibration of the axle-box and bogie of an in-service high-speed train, as shown in Fig. 2 . Capacitive-type accelerometers were selected for the vibration measurement in low frequency, which is caused by the long-wave irregularity. The acceleration and speed signals were synchronously acquired at 2048Hz sampling frequency with DC coupling by a data acquisition board. They were stored on a laptop computer. The speed signal was used to rearrange the acquired time domain data to the spatial domain data with 0.25 m sampling interval. Their measurements were carried out in a track section which is comprised of both ballast and slab beds with some notable track irregularities. The proposed method was applied to the rearranged acceleration data for estimation of them. The estimated data were transformed into the distance-wavelength domain and represented in the spectrogram. They are compared with the same representation of the track irregularities which were measured by a track geometry measurement system. It can measure profile and geometry of track by using a system which is equipped with laser, CCD camera, and inertial sensors (17) . It is mounted under the prototype high-speed train, as shown in Fig. 3 , and it can measure up to 320km/h. It was carried out prior to the acceleration measurement. Fig. 3 . Track geometry measurement system (17) The Japan Society of Mechanical Engineers
NII-Electronic Library Service
Proceedings of ATEM'11 5 ATEM'11, September 19-21, 2011, Kobe, Japan
Results
From Fig. 4 to Fig. 5 shows the main distance-wavelength representation with the typical wavelength-domain result on the left side, the train speed on the top side, and the spatial-domain result on the bottom side. Entirely, the distance-wavelength representation is more intuitive to observe wavelength characteristics than the spatial-domain results. The details are described below.
Lateral track irregularity
Results of the lateral track irregularity are shown in Fig. 4 . In the wavelength domain, amplitude increases monotonically and no distinct peaks are observed. In the distancewavelength representation, however, it is possible to identify that the high amplitude is caused by ballast.
High peaks are observed from 3 to 9 m waveband in the ballast sections using the axle-box mounted accelerometer. They are relatively low in the bogie mounted accelerometer, and hardly found in the track geometry measurement system. They are presumably caused by the short-wavelength lateral irregularities, and affect axle-box dominantly rather than bogie.
From 10 to 40 m waveband, high peaks are observed and they are very similar both the axle-box and bogie mounted accelerometers. However, they are hardly found in the track geometry measurement system.
Above 50 m waveband, for all results, very high and broadband peaks are observed continuously in the ballast sections, and intermittently in the slab sections. They are presumably caused by the major irregularities, so that they should be monitored in detail to confirm whether significant irregularities or not.
Vertical track irregularity
Results of the vertical track irregularity are shown in Fig. 5 . In the wavelength domain, amplitude increases monotonically, and some minor peaks are observed near 5 m and 10 m both the axle-box and bogie mounted accelerometers. In the distance-wavelength representation, they are distinct in the ballast sections and much broader than those of the lateral track irregularity.
The high peaks from 3 to 9 m waveband in the axle-box mounted accelerometer are clearly observed in the ballast sections. They are presumably caused by the short-wavelength vertical irregularities, and their effect is more dominant than the lateral track irregularity due to characteristics of the suspension between the axle-box and bogie.
The high peaks from 10 to 40 m waveband are also clearly observed in both the axle-box and bogie mounted accelerometers, and indistinct in the track geometry measurement system. The broadband and high peaks above 50 m waveband are continuously observed in the axle-box, both ballast and slab sections. However, they are continuously observed only in the ballast section and intermittently in the slab sections, both the bogie mounted accelerometer and the track geometry measurement system. Two high peaks, which are presumed to be uplift irregularities, are clearly observed at about 17 km and 19 km in the second slab section with the track geometry measurement system and they are most notable above 30 m waveband. With the bogie mounted accelerometer, the first one is distinct while the second one is obscure. The maintenance work may cause the obscure one, but it needs a detailed investigation to confirm the work. They are indistinct in the axle-box mounted accelerometer due to existence of many high peaks above 30 m waveband. The reason for the high peaks is unknown, and further research should be carried out to look into this phenomenon minutely.
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Summary and conclusion
An intuitive method is proposed to monitor the lateral and vertical track irregularities in waveband by using the axle-box and bogie mounted accelerometers of high-speed trains. Kalman, band-pass, and compensation filters are introduced to estimate the track irregularities in displacement from the acceleration data. A distance-wavelength representation is used to analyze waveband characteristics of the irregularities intuitively. It is verified by comparing with a commercial track geometry measurement system using laser, CCD camera, and inertial sensors.
The waveband from 3 to 9 m, some high peaks are observed in both irregularities, which are estimated from the axle-box mounted accelerometers. They are low in the bogie mounted accelerometer and indistinct in the track geometry measurement system. They are presumably caused by direct effect of the short wave irregularity to the axle-box accelerometer.
From 10 to 40 m waveband, high peaks are observed in both irregularities, which are estimated from both the axle-box and bogie mounted accelerometers. However, they are hardly found in the track geometry measurement system.
There are two notable vertical irregularities in the slab section with the track geometry measurement system. However, one of them is distinct and the other is obscure in the bogie mounted accelerometer. The obscure one may be the maintenance effect, but it needs detailed investigation. They are indistinct in the axle-box accelerometer due to many high peaks above 30 m waveband. Further research should be carried out to look into them.
By using the proposed method, it will be possible to monitor lateral and vertical track irregularities continuously and frequently with several in-service trains. It will be helpful in the timely, labor-saving, and cost-effective track maintenance.
